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Citrus fruit hesperjdln is hydrolyzed by gut microflora into aglycone form (hesperetin) and then 
conjugated mainly into glucuronides. We previously demonstrated that hesperetin enhanced 
osteoblast differentiation. In thss study., we examined the effect of s-j^-s^jtJf- ? O gmc^omU 
(Hp7G) on primary rat osteoblast proliferation and differentiation. The Impact of Hp7G on specific " ' 
bone signaling pathways was explored. Osteob lasts _ yy ere MPM^AMMy^ '.°J °9 -G9J19«ptrations 
of 1 (Hp7G1) and 10 (Hp7G10) /?M of co^ugate f ^ 3^^^et&8|^ .... 

dfee^pSsWP i-ip7G significantly induced mRNA expression of ALP, Runx2, and Osterix after 48 h of 
exposure, Moreover, phosphorylation of S mad 1/5/8 was enhanced by Hp7G, while ERK1/2 
remained unchanged after 48 h, Hp7G decreased RANKL gene expression. These results suggest 
that Hp7G may regulate osteoblast differentiation through Runx2 and Osterix stimulation, and might 
be implicated in the regulation of osteoblast/osteoclast communication. 

KEYWORDS- Flavonoid metabolite; hesperelin 7~0-gEuetjror:ide; osteoblast tiEfferentfatEori; Dsterix; 
RunxZ 



INTRODUCTION 

Hesperidin (hesperetin-7-0-riitmaside) is a glycoside flavcnoid 
belonging to the flavanone subgroup, found mainly hi citrus 
fruits. When absorbed, hesperidin is hydrolyzed by gut microflora 
into the aglycone form (hesperetin) and then conjugated by the 
phase IT drug-metabolizing enzymes into glucuronides (87% of 
total metabolites of hesperetin), sulfates, or sulfo glucuronides 
(1,2). In rodents fed 0.5% hesperidin in the diet the circulating 
concentrations of aglycone hesperetin ranged from 3.5 to 
5,5 /iM (3,4), while 1 ,uM was measured in humans (/). Several 
bio logical activities such as and oxidant, anti-inflammatory, an- 
algesic, and lipid lowering effects (5) have been attributed to 
hesperidin and its metabolites. Some authors have shown that 
hesperidin inhibits bone loss in ovariectomized mice (3) or rats (4) 
and prevents bone loss in male orchidectornized rats (6). The 
mechanisms by which hesperidin may affect skeletal metabolism 
still remain unclear. Nevertheless, it was recently shown that 
hesperetin may regulate primary rat osteoblast differentiation 
through bone morphogerietic protein (BMP) signaling (7). 

The metabolism of fiavonoids is similar to that of xeno bio- 
tics (#)■ Even if conjugates have been presented as forms of 
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elimination and detoxification, in vitro biological properties of 
flavonoid conjugates found in vivo were reported (9). One 
reported study tested conjugated forms in osteoblastic cells and 
demonstrated that q uerceti n -3 -gin curonide was able to increase 
the bone sialop.ro tern mRNA level in osteoblast- like ROS 17/2.8 
cells (/6 s ). Only two in vitro studies were performed using 
hesperetin conjugates such as glucuronides in skin fibroblast 
cells (77) and hesperetin 7-0-glucuronide and 5-niiro-hesperetm 
in cortical neurons (72). To date, no effect of hesperetin conjugate 
on osteoblasts has been reported. 

The available studies reporting flavonoid effect on osteoblastic 
ceils have been performed with aglycone compounds. These 
compounds were able to stimulate ALP activity, which is one 
of the major osteoblast differentiation markers probably by 
upregulation of expression of two transcription factors such as 
Runx2 and Osterix (13) strongly implicated in the regulation of 
osteoblast functions 04). Moreover, Run>;2 has a central func- 
tion in coordinating multiple signals including AP-1 (commonly 
composed of c-Jun/c-fos) and Smad factors, which are involved in 
osteoblast differentiation (15). Runx2 and Osterix also play a role 
in the BMP pathway that may, in turn, activate different signaling 
cascades and Smad-dependent; and independent pathways, in- 
cluding ERK, INK, and p38 MAPK (16). Within ilavonoids, 
there is also evidence that they are susceptible to the influence of 
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the OPG/R ANKL/R ANK regulates y triad implicated In the 
osteoblast and osteoclast relationship if?, IS). Osteoblasts pro- 
duce both receptor activator of nuclear factor-kappaB (RANK) 
hgand (RANK!,) and cmeoprotegerin (OPG). OPG acts as a 
decoy receptor for RANKL and thereby neutralizes its function 
in osteoclastogenesis. Bone homeostasis depends on the local 
RA'NKL/OPG ratio (79).. 

The aim of this study was to assess the effect of hesperetia 
conjugate on osteoblast functions and the moleculat mecha- 
nisms involved. Thus, the influence of hespcretia-7-C>-giiieuro~ 
nide (Hp?G) at physiologically relevant concentration (1 and 
IOjwM) was tested in primary rat osteoblasts, 

MATERIALS AND METHODS 

Syndesis of Heapereri«-7-0~gi«euroni{3e. Hesperetin 7-£?-gtucur- 
cruide (HpVCi) rms fceen chemically prepav&d by gincuromdalior: of its 




2.5 volumes MeOH/H 2 0 (70:30) acidified with 200 mM KCL After 
centrdugation (34009 rpm for 4 mm), extract; were analyzed by liquid 
chromatography- tandem mass spectrometry (HPLC-MS/MS)-. The 
recovery rate for the extraction of Hp?G and Hp from the culture medium 
was 86 and 75%, respectively. 

After 24 h of exposure, ceils were rinsed three times using PBS (Sigma, 
Stein heim, Germany) then exposed to 0.5 mL of MeOH/H 2 0 (70:30 ) 
acidified with 200 mM HQ and scraped using a ceil scraper (3D Falcon, 
Bedrbrd, USA), These extraction conditions, in particular the smaii 
volume of solvent added, were chosen to maximize the concentration of 
metabolites in the ex traces in order to facilitate a. qualitative analysis of the 
metabolite uptake: however, they were not. optimized for the quantitative 
a as lysis of tlavanones in the intracellular medium, 

HPLC-M S/MS Analysts* Liquid chromatography (LC) analyses 
were performed using a Hewlett-Packard i 100 HPLC system (Agilent 
Technoi.ovj.es, Wa:dbronn f Ocmmny) equipped with a quaternary pump 
and an .;nn:o sampler. An Applied Biosystems API 2000 triple quadtupole 
mass spectrometer (PE Sciex, Ontario, Canada), equipped with a Turbo 
tonSpray source ionizing in the negative mode at 550 °C was used. 
Optimized parameters for the detection of Hp and Hp7G were the 
ibtkrivmg: capillary voltage, -4500 V. collision gas, 5 (arbitrary units); 
and curtain gas, 30 (arbitrary units), Deciustermg potential, focusing 
potential, entrance potential and collision energy were optimized with 
infusion experiments of Hp (-50 V\ -350 V.. —5 V, and --30 V, 
respectively) arid Rp7G(- i 6 V, -350 V, -10 V, and -26 V, respectively). 

A SymmelryShield RP18 column (Waters, MiJford, MA, USA), 2.1 x 
150 mm hd.> 5 urn. was used for ch r oma to grap hie separation. Linear 



gradient eh: ties* was performed as follows: 0—20 nun §5% A to 100% B, 
with 0. i % formic acid as mobile phase A and 100% aeetonkrhe as mobile 
phase B. The column was re- equilibrated for 10 mm, The-, flow rate was 
400 fiXJiwln, and the injection volume was 20 fiL. 

Data were acquired using the multiple reaction monitoring (MRM) 
mode, monitoring the Hp transition (301/564) and the HpVG transition 
(477/301). 

CeU Proliferation, Ceil proliferation was measured by determining 
DNA eonteni on days 0, 5, 9, :4, and 19. Cells were incubated with 
2 ng/mL of h-sbenzan-de R 35342 (Hoechsfc) in PBS at 3? °C. The total 
amount of DNA was measured with FLX800 Microphne Fluorescence 
Reader (Bio-Tek Instruments, Winooski, VT ( USA) at 360 mn wavelength 
(excitation) and 460 nm (emission). Fold increase in cell number was 
calculated relative to the initial cell number on day 0 (value ----- i). 

ALP Activity Measurement. Enzymatic activity of alkaline phos- 
phatase (ALP) was measured kinedcaUy on treatment days 0, 5, 9, 14, and 
1 9 according to the method described by Sabokbar et ah t??): Osteoblasts 
were lysed by the freeze -thaw cycle and homogenize don into 200 ,al, of 
d isthanoaf m ne/rnagnesi um chloride hexahydrate butte; arpH 9.8 (Sigma, 
Stein heim, Germany), Cell lysate (10 pL) was added to 200 fit. of 
p-nitropheriys phosphate solution (Sigma. Stcinheirrc Germany), Absor- 
banee was measured at 405 am, 30 ,! C» and every 2 mm 30 s during 30 mm 
using an ELX803 nucroplate reader (Bio -Tek instruments, Winooski, VT, 
USA), ALP activity was expressed as nmo! /^nitrophenoj/nour/mg 
protein. Protein measurement was performed according to Bradford's 
method using the HioRsd protein assay (BioRad. Munich. Germany). 

Real-Time PCM. Upon confluence, ceils were exposed to different 
media- C -, Cf f Hp7Gl , or Hp7Gl0 tor 24 and 48 h. After 24 and 48 h of 
treatment, total RNA and proteins were isolated using the NucseoSpin 
RNA/Trotein Kit (Maeheiey-Nagel, Hoerdt, France). 1'ota? RNA con- 
centration and parity were measured w-th a NanoDrop snectrophot- 
ometcr (Wilmirjgton, USA). RNA integrity was checked using the RNA 
6000 Naoo Assay kit with, an Agilent 2 100 bioanatyzer (Agilent Technol- 
ogies, Santa Clara, L'S A), Reverse transcript son of RNA was pertcrmcd 
using the Ready -To -Go, You Prims First-Strand Scads Kit (A-uersham 
Biosciences, Piscataway, USA).. The SYBR Preraix Ex Taq (Perfect ilea: 
Time) (TaKaRa, Shiga, Japan) was used to quantity gene expression by 
Real-Time PCR. The PGR (program, 95 °C-30 s; ^0 cycles, 95 :: C-5 s; 
60 "C-35 s) was perioruwd usirfg MastercycSer lip .Realplex (Eppendorf, 
Hamburg, Germany). Target gene expression was normalized to the 
housekeeping gene ^actijr The 2" && '~' method was applied to calculate 
relative gene expression compared to the C— condition, which corre- 
sponds to a value of I (23). The primers used lor PCR are listed in Taste 1. . 

Western Blot Analysts, Upon confluence cells were exposed to 
different media: C-, Cf, Hp 7G I, or Hp/Glfi for 24 and 48 h. The 
concentration of proteins isolated using the NucieoSpin R.N A/Protein, kit 
(Macherey- Nagel. Hoerdt, Trance) was measured by a BC assay kit 
(Uptima rnterchim, Montiucon, France). Twenty-five nuetograrns ot total 
protein was subjected io a 10% SDS- polyacryl amide gel and transferred 
to fmmobiion-P-PVOF iuem braces at 100 V for 1 h and 45 rain. The 
membranes were blocked in 5% nonfat dry milk in TES T (0.5% Tvveen 
20) buiTer for 2 h. Blots were incubated with autiphospho-S'oadi/5/^ or 
aridphospho-ERK 5/2 (Cell Signaling, Beverly MA, USA) at a 1::00G 
dilution for 1 h at room temperature, then probed with 1:2000 diluted 
andrabb.it horseradish peroxidase (HRP) conjugated secondary antibody 
(Santa Cruz Biotechnology, Santa Cruz, USA) for 1 h at room tempera- 
ture. The blot signals were detected by enhanced eherailuminesoence (ECL 
Plus, Amersham GE Healthcare, Buckinghamshire, UK), After stripping 
in a buffer containing 0,7% p -rnercaptoethanol membranes were labeled 
with 1:500 diluted anti-Sm ad 1/5/8 (Santa Cruz Bio technology, Santa 
Cruse CA, USA) or 1:1000 diluted an0-ERKI/2 (CeM Signaling, Beverly 
MA, USA) and probed with 1:5000 diluted secondary antibody. 

Statistical Analysis. Res alts are expressed as mean ± S EM. ALP 
activity and ceil prohferation on each day were analyzed using parametric 
one-way ANOVA, followed by multiple comparisons Fisher/LSD per- 
formed in XLSTAT version 7.5.2 (AddmSofT Paris. France}. 

Nonpfcrrainetric test— VViScoxon signed rank test (compared to control 
C— ; hypothetic.:: I median ---••) on GraphPad InStal 3 software (San Diego, 
CA; USA) was used for statistical analysis of gene expression 
revalue < 0.-05 was considered statistically significant. 
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RESULTS 

An optimized medium (Of) was used as a positive control of 
differentiation, and Hp7G was added to minimal medium ((>--) 
to observe its proper action and not in synergy with ascorbic acid. 

Celiuhsr Uptake. The cellular uptake of Hp and Hp?G in 
pEiinary rat osteoblasts was determined by HPLC- MS/MS ana- 
lysis after 24 h of cell exposure to 40 fiM Hp or Hp7G, 

The compound stability in the growth medium was followed 
over 24 h In the presence and absence of cells. No degradation of 
the aglycone was observed in the absence of cel ls, fn the presence 
of cells exposed to the aglycone, a peak with the characteristic 
MS/ MS transition of hesperetin— gJiicurotti.de (MRM 477/301) 
was detected m the medium after 8 and 24 h, in concentration 
increasing with time (Figure I). This peak showed the same 
retention time (8.19 rein) as the standard Hp7G, suggesting that 
this specific metabolite was produced by the ceils exposed to the 

Table 1. Primer Sequences for Real-Time PGR 

transcript prir-ms (5' -3') product $\zs 

/) -scEin forward: AG'VGTQ ACQ T't GAOATCCG TA 1 12 bn 

reverse : G CC AG A G C AGTAATC TCG TTCT 
Fto2 forward . CG ATCTS AGATTTG TAGGCCG 159 bp 

reverse: TGATCAAGCTTGT6TCTGT00C 
Qsterix forward: AAGAGGTTCACCCGCTCVGA -22 bp 

reverse: T3ATGTT7GCTCAAG7GGTCG 
OPG toward: GGGGGTTACCTGGAGATCG 125 bp 

reverse: GAGAAGAACCCATCTGGACATrr 
RANKL toward: GGCCAC AG CGGTTGTC AG 143 Dp 

reverse- AGTGACTTTATGGGAACCCGAT 
Noggin forwiiixi: CAC TATCTAC ACATCCGCCGAG 1 10 bp 

reverse; AGCGTGTCG'ffGAGATCCTTGT 
BMP* forward: G C C AG G 7GTCTCG A AG AG AG AT 1 79 bp 

reverse : AG CTG G ACTTA AG AGGCTTCC G 
3MP4 forwajd: GACTTCGAGGCGAGACTTCT 1 00 bp 

reverse : G CCGGTAAAG ATCCCTG ATGTA 
Smatil forward: CCACAAGCCTATTTCGTCGGT 102 bp 

rsvarse: ATCCT G VCTGACTTCTCCGTCG 
SmsdS forward: :"GAACTGAACAAGGG7G1"CGG 151 Dp 

reverse: CCTGGTGTTCTCQATGGTTGAG 
c-Jun forward: CC7CCCG7CTGGTTGTAGGAAT 14S bp 

reverse : CCCTH3 G A A C ACCCTGTTC TTC 
c-tcs forward: VVCAG COT G COT GT VC TO A ATG AC 8? bp 

reverse: GCCTTCAGCTCCATGTTGCTAATG 
ALP forward: AC AG C CATC CTG TATGGCA A 97 bp 

reverse: G COT GGT AG TTG7TGTG AG C A 
GPtt reward: A G C A A G A A ACTCTTC C A AG C A A 123 bp 

reverse: G TG A GATTCGTC AG ATTGATCCG 
OCN forward: TA TG G C AC C ACG GT 7 TAG G G 123 Dp 

reverse: C TG TG C C G TCC ATACTTTCG 
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aglycone, A minor peak also appeared at the same MS/MS 
transition and slightly higher retention time (8.3 min), and may 
correspond to the hesperetin-4'-0-g3t:<?wroni<le. Glucuronidatioa 
mast have occurred inside the cells since glucuronidases are not 
present at the surface of cell membranes. 

When ceils were exposed for 24 h to hesperetin, Hp bnt not 
Rp7G was detected in the eel) extract (Figure 2B). The intracel- 
lular concentration of Hp7G was below the limit of detection 
(18,5 nmol/L) probably because Bp7G was exported outside the 
cells by transporters. 

When cells were exposed to Hp7G, a small hydrolysis into Hp 
(0.15%) was observed in the medium after S h and slighEly 
increased at 24 b. (0.6%) (chromatogr^ms not shown). A small 
hydrolysis of RplG was also observed in the medium after 24 h in 
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Figure 1, MRM trace chromatograms at hespsrstin 7-Ck-lucuronic'e 
transition (477/301). (A) standard of hesperetin-T-O-glucuronicie; 
(B) medium after 0 ri of ceil exposure to hesperetin; (C) medium after 
8 h of eel! exposure to hesperetin; (D) medium after 24 h oi ceil exposure 1o 
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Figure 2. MRM trace chromatograms at hesperetin (301/1 64) and hespereiirc-7-OglucurorHde (477/301) transitions from (A) standards; (B) ceil lysate after 
24 h of exposure to 40 iM Hp; and (C) cell lysate after 2^ h of exposure to 4D mM Hp7G. 
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Days Sf? estfto?* 

Figure 3< Proliferation of primary osteoblasts cultured In mmm] n^dium 
(C-; x), supplemented with f (Hp"G1; <>) or 10, aM (Hp7G10: a) 
hesperetin 7-0-gkictjronide ; or ?n optimized medium (C-f; □) after 0, a, 8, 
34. and 19 days of treatment. -old increase in coil number wan calculated 
relative to the initial call number at day 0. Results are expressed as mean ■_+■ 
SEM. ***p< 0.001 vs Hp/G'h and Hp7G10. 




n&ys in cufturc 

Figure 4. ALP activity of primary osteoblasts cultured in minimal medium 
(C-; x), suppfef»@n!ad with 1 iM (Hp7G1; 0) or IQ^M (Hp7Q10; a) 
hesperetln 7-Ogiucuronide, or in oDtlmteed medium (C-+-; □> after 0, 5, 3, 
14, and 19 days of treatment. Results are expressed as mean ± SEM, 
**p<0.01 i ***p< 0.001 V3C-. 

the absence of ceils; (0.34%), but the extent of hydrolysis was 
clearly lower than that in the presence of cells, Xnu'1ftermore\ 
traces of Hp7G were detected in the cell lysate after 24 h-exposure 
(Figure 2C), even though the concentration was below our 
quantification limit. Hp was not detected in the ceil lysate. Our 
data thus suggest a very limited but existing penetration of Hp7G 
in primary rat osteoblasts or interaction of Hp7G with the 
membrane of osteoblasts. 

Cell Proliferation, Impact of Hp7G on eel! proliferation on 
days 0, 5, 9 S 14, and 19 was assessed (Figure 3), As expected, 
increased proliferation was observed until day 5 and remained 
unchanged after this time in Of conditions. While a significantly 
higher proliferation rate was observed in this condition compared 
to that in the others ip < 0,001), Hp?G did not influence 
proliferation. 

Osteoblast Differentiation (ALP Activity). Osteoblast differen- 
tiation was assessed kinctically by measuring ALP activity in cells 
treated for 19 days. 

In osteoblasts treated wish ascorbic add and ^-glyceropho- 
sphate (C-f ). ALP activity (Figure 4} was significantly increased 
compared to that in minimal medium ((>-) from day 5 np to day 
}9(p < 0.001), Hp7Gat I jM (Hp7Gi)and ;0/«M(Hp7GlO) at 
day 5 decreased ALP activity when compared to C- (p < 0,01). 
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However, when Hp7G was added at 1 jtM. a significant increase 
of ALP activity on days 14 ami 19 was observed (DLL 4-16,6%; 
D 19, -f 18%; p < 0.001 vs C- ), while only a significant increase 
was noted on day 19 with the higher dose (D 1 9, +14%; p < 0.001 
vs (>--) (figure 4). 

Gene Expression (Real-Time FCR). The changes in gene 
expression were considered Significant when 20% up ( 1.20 -fold)- 
or down (J .20-fold)-regulaiion was obtained, compared to that 
of C- (value - LOO). 

Runx2 and Osierix Expression, While Runx?. expression was 
significantly decreased in C-h and I-Ip7G10 conditions after 24 h 
of exposure, an increased Runx2 messenger level was measured 
after 48 h, whatever the treatment (C-f s 1 . 94-fold; HpTGl, 2.66- 
fold; Kp7Gi0, 2,45-fold; /» < 0,05 vs C-) (Figure 5A). Concern- 
ing Osierix, no effect from the treatments was observed after 24 h 
of culture. However, a decreased mRNA level was reported in C-h 
conditions (1.6.1 -fold down-regulated; p < 0,05 vs C-), white 
Hp7G at both, doses was able to un-regulaie Osterk expression 
after 48 h of exposure (Hp7GL L32-fold; Hp7GI0, 1.40-fold; 
p < 0,05 vs C-) (Figure 5A). 

OPG and RANKL Expression. Expression of OPG was 
significantly down- regulated m C-H medium at both times of 
treatment (24 h, L96~feld; 48 h, 1 .33-fold; p < 0.05 vs C-). The 
OPG transcript level remained unchanged after Hp7G treatment, 
Concerning RANKL, after 24 h of treatment, the mRNA level 
remained unchanged in C-h conditions and was decreased only by 
Hp7G10 (} .25-fold; p < 0.05 (», However, after 48 h of 
trealmenf the decrease was observed in every condition at the same 
rate, even in C+ medium (2.00-fold; p < 0.05 vs C~~) (Figaro SB). 

Noggin, BMP2> and BMP4 expression. The expression of 
Noggin was strongly down-regulated in C-f- medium whatever the 
time of exposure (24 h, 3.56-fold; 48 h ( 15.60-fold;/? < 0-05 vsC-). 
Hp7G. at both doses, was also able to significantly decrease 
Noggin mRNA level alter 24 h (Hp7Gl, 1 .23-fold; Hp7G10, 
1 .27-fold; p < 0.05 vs C-) and 48 h of treatment (Hp7Gl. 1.61- 
fold; Hp7Gia l.?0-foid; p < 0.05 vs C-) (Table 2). 

Regarding BMP2 and BM.P4, only BMP4 mRNA level after 
24 h of treatment was significantly up-regulated in C-f medium 
(i .47-fold;/? < 0,05 vs C-). After 24 h of exposure, BMP2 and 
BMP4 expression was not affected by Kp7G treatment, while 
after 48 h ? a decreased BMP2 messenger level was measured for 
Hp TGI (1 .45-fold down-regulated; p < 0.05 vs C-) (Table 2). 

SmadJ andSmadS Expression. Expression of both genes was 
down- regulated in C-h medium (p < 0.05 vs C— ). Smadl 
transcript level was not changed by Hp7G treatment, while 
Hp7G at both doses down -regulated Smad5 expression after 
24 h (L234'old;/; < 0.05 vs C~j; an increase was observed after 
48 h of exposure (Tahle 2). 

c-Jun and c-fos Expression, No significant difference in c-Jun 
expression was observed., whatever treaimetit and time of 
exposure. Regarding ofos expression, only Hp7Gl was able 
to decrease the mRNA level after 24 h of treatment (1, 23-fold; 
p < 0.05 vs C-) (Table 2). 

ALP, OPN, and OCN Expression. ALP expression was not 
affected after 24 h of treatment. However, after 48 h of exposure, 
expression of ALP was upregulated in all conditions (C-f, 1.30- 
fold; Hp7G3, 3.45-fold: Hp7G10, L 39-fold; p < 0.05 vs C-) 
(Tabfe 2), 

In the C-f medium, while a significant decrease of OPN expres- 
sion was observed at both times, OCN expression was strongly 
npregmated (24 h 5 2.20-fold: 48 h 5 9.45-fold; p < 0.05 vs C-). 
Hp7G did not have any influence on OPN expression whatever 
the dose and time of exposure. OCN expression was significantly 
unregulated in Hp7G10 (1,31 -fold; p < 0.05 vs C-) alter 48 h of 
treatment (Table 2). 




Figure 5. Gene expression of (A) Runx2 and Gsterix (8) ORG and RANKL in primary osteoblasts cultured In minimal medium (C— ), supplemented with 1 fM 
(Hp7G \ ) or IGjuM (Hp7G10) hesperetin 7- O-gl neuron ide ; or In optimized medium (Ch~). Results are presented as fold change compared to C— (dashed line) 
after 24 and 43 h of exposure. Results are expressed as mean ± SEM. *p < 0.05 vs C- 24 h; 'p < 0.05 vs C- 48 h. 



Tabfc 2. expression of Osteoblast- Relaxed Genes 5 





time of 
exposure 




fold chsrige 




gene 


C + 


Hp7G1 


Hp7G10 


Noggin 


^4 h 


0,28 ::: 0.0;?* 


0.81 i: 0 06" 


0.76 :fc: 0,05* 




48 h 


(XOSrfcO.OI* 


0.62 ± 0.05" 


o.59±o!n* 


BMP? 


24 h 


1:23 ±0,22 


0,37 ± 0:08 


0:92 ± 0.04 




48 h 


1.S4 ± 0.10 


0.69 ::: 0,08* 


0 .97 ± 0.03 


3MP4 


24 h 


1.47*0,07* 


0,06 * 0,06 


0.99 ± 0.06 




48 h 


1.00 db 0.05 


1,14 i 044 


0.S8 ± 0.05 


Smacl 


24 h 


0,76 :t: 0,08 s 


0.S5 :J: 0,02 


1.00 ±0 02 




48 h 


0.63 ± 0,02* 


0,91 ± 0.02 


0.83 ± 0.06 


SrnadS 


24 h 


0.72 ± 0.09* 


0.61 ± 0.03* 


0.81 ± 0.02* 




4Sh 


0.94 ± 0.03 


1.45 ±0.13* 


1.17 ±0.06 


c-Jun 


24 h 


1,22 ::: 0.17 


0.95 ± 0 03 


0,96 ± 0.04 




4? h 


0.84 ± 0.17 


0.9y ± 0.05 


1,00 ± 0,14 


ofos 


24 h 


1.17 ± 0.21 


0.31 i0 : 01 tf 


G.86 ± 0,05 




*8 h 


0.9 1 ± 0.07 
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0.91 ± 0.02 


ALP 


24 h 


0.93 ± 0.06 


0 86 ± 0.02 


0,S9 ± 0.08 




48 n 


i .27*0.03* 


;.*56±o.or 


1,39 ± 1. 39* 


OPN 


24 h 


o.76 ± am* 


0;.91 ± 0.05 


0.98 ± 0,02 




48 h 


0.68 ± 0,02* 


1 .00 :iz 0.05 


0.95 ± 0.08 




?A r. 


2.20 ± a; 5* 


1,00 ± 0.17 


0.31 ± 0.06 




43 h 


9.45 * 0.40* 


1.40 ± 0.42 


1.31 i 0.10* 



s Primary osteoblasts cultured In rairimaj medium (G-), supplemented with 
1 jt*M (Hp7G1) or 10 (Hp7G10) hespsretin 7-O-glucyronids or in optimized 
rriecta (C t) after 24 h and 46 h of exposure. Results are presented as fold change 
compared to G- (value - 1 .00) eter24 c-r 4B h of exposure. Results are expressed 
as mean ± SEM. *p < 0.05 vs C-- 24 h. *p < 0.05 va C- 48 h. 

Effect ef Hp7G on the Phosphorylation of Smatll/5/8 and 
EKK1/2 Proteins. Phosphorylation of Smad 1/5/8 and ERK1/2 
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Figure S. Phosphorylation of (A) Smad 1/5/8 proteins and (B) ERK1/2 
proteins? in primary osteoblasts cultured in minima! medium (C— ), 
supplemented with 1 ,uM (Hp7G1) or 10 pfA (Hp7GlO) hesperelln 7- 
Oglucuronicie l or in optimized medium (C---) after 24 and 48 h of exposure. 

proteins was assessed by Western blotting or; cell lysates from 
cells treated tor 24 and 48 h (Figure 6,4 and B). The antibodies 
anti-Siaad 1/5/8 ansd ardiphospho-Srn ad 1/5/8 used in the 
Western blot analysis can recognize three Smad proteins, 
1, 5, and 8. Because of the specificity oi' antibodies as well as 
the expression of proteins, two or three bands may be visible. 
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The observations reported here are qualitative and not quanti- 
tative. 

04- and Hp7G at both doses could decrease the phosphoryla- 
tion of Smad 1/5/8 after 24 h of treatment; the strongest effect was 
obtained with Hp7Gl. On the contrary,, after 48 h of exposure, 
phosphorylation of Smad 1/5/8 seemed to be enhanced byHp?Gi 
(Figure 6A). 

Concerning ERKJ/2, phosphorylation was decreased in Hp7G 
conditions compared to that in C— , while no difference between 
C~ and Of was detected after 24 h of exposure. Phosphorylation 
of BR K 1/2 after 48 h of treatment was lower than that after 24 h 
of exposure, and moreover, no differences between conditions 
could be detected (Figure 6B), 

DISCUSSION 

It has been previously demonstrated that hesperetin (aglycone 
form of hesperidin) can influence bone formation via stimulation 
of osteoblast differentiation mainly through the BMP path- 
way (7). In this study s we focused on the potential effects of 
hesperetin-7-O-glucui-onide, its main metabolite, on the same 
experimental model. Indeed, the circulating forms may possess 
different biological properties within ceils and tissues compared 
to those of polyphenol aglycones {24}, 

CeiEnlar Uptake. Activation of cell signaling can occur via 
different ways including an interaction of a compound with a 
receptor on the cell surface and/or by interaction with extracel- 
lular proteins (9), However, some nutrients which are able to 
enter cells through a transporter mediated process or by passive 
diffusion may dheetfy mieract with transcription factors, thus 
affecting the rarget gene expression (25). It has been shown thai 
aglycone forms offlavonoids can cross cell membranes by passive 
diffusion, whereas conjugates need, active transport (9 S 26). in 
primary rat osteoblasts, we observed thai the cellular uptake of 
Hp was definitely more efficient than that of Hp7G t which was 
too limited to be unambiguously demonstrated in our conditions. 
We only observed (i) a small increase of Hp7G hydrolysis in the 
medium when cells were present compared to whets Hp7G was 
incubated in cell-free medium and fit) traces of Hp7G in the cell 
extract after 24 h of exposure to glucuronide, which, may also 
reflect binding to cell membranes. Primary cell osteoblasts may 
lack efficient transporters to facilitate the uptake of flavonoid 
giucuromdes. However, these cells were shown to export Hp7G in 
the medium alter Hp exposure (Figure 1), winch shows that 
primary osteoblasts are able to giuenromde Hp as shown for 
Caeo-2 ceils (27 JS) and fibroblasts (If), and possess transporters 
to efficiently export flavonoid gmcuronides. Our results thus 
suggest a very transient presence of Hp7G inside the primary 
rat osteoblasts after either Hp or Hp7G exposure. This transient 
presence was nevertheless associated with a positive effect on cell 
differentiation when osteoblasts were exposed to glucuronide. 

Effect of Kp7G on Osteoblast Proliferation and DifTeremiarion. 
This study has assessed the impact of a hesperetin conjugate on 
osteoblast cells at nutritional and physiological concentrations 
(1 and 10/iM). The choice of nutritional doses led to significant 
cellular responses bat were cpai-e small 

In our experimental conditions, Hp7G s similarly to its agly- 
cone form Q.29) and to other polyphenols (30-32), did not affect 
osteoblast proliferation (Figure 3) but was able to influence 
osteoblast differentiation (Figure 4). Even if HplG decreased 
ALP activity on day 5, which could reflect a faster commitment of 
these cells compared, to the ceils cultivated in minimal med- 
ium (33\ the final effect of treatment js crucial to interpret results 
Hp7G at 1 piM (on. days 14 and 19) and 10 ?.iM (on day 19) 
increased ALP activity, winch can also play a role in osteoblast 
mineralization probably by a release of the phosphate necessary 



for calcium nodule formation (34,35). Surprisingly, Hp7Gl was 
more efficient than Hp7G10\ whereas hesperetin at the 10 pM 
dose was more efficient than 1 ,uM (7). Moreover, Hp7Gl 
increased ALP activity from day 14, while Hp7GJ0 was only at 
day 19, Again, this was in versed when cells were exposed to 
hesperetin (?), In other studies, similar dose-dependent patterns 
of ALP activity in osteoblasts exposed to different aglycone 
compounds were reported (JO, 36); however, data with then 
corresponding metabolites are still lacking. This is probably 
because conjugated molecules are not commercialized (24). How - 
ever, the glucuronide form of hesperetin was more efficient than 
the aglycone parent form in stimulating osteoblast differentiation 
as previously assessed (7). The same observation was reported for 
cuereetin and its glucuronide in HUVEC cells (37). This kind of 
experiment supports the fact that conjugates can share physiolo- 
gical bioaeu'vities. even if they are poorly or not absorbed by 
cells (28). 

Possible Signaling Pathways Involved in Kp7G Action. Gene 
expression was analyzed after 24 and 48 h of exposure. In our 
experimental conditions, a stronger effect on gene expression was 
o hserved after 48 h of treatment (Figure 5 and Table 2), suggesting 
that the duration of exposure may influence the gene response. 
For almost all genes evaluated, the level of m.RNA appeared to be 
similar for 1 and !0>M HpVG. It can be hypothesized that the 
eftective dose of Hp7G to modulate bone related genes in primary 
osteoblasts is 1 pM, this being consistent with ALP findings 
(Figure 3), However, this rices not exclude the higher efficacy of a 
lower dose of glucuronide and should therefore be evaluated. 

In our experimental conditions, ALP and OCN mRNA levels 
were increased after 48 h of TXp7G treatment (Table 2). Expres- 
sion of these genes may be regulated by Runx2 Q8)> Moreover, 
Hp7G was able to upregulate the expression of not only Runx2 
but also Osterix (Figure which are two main transcription 
factors related to osteoblasts (24) and are involved in BMP (39) 
and MAPK signaling (15. 40). Similar results were obtained lor 
some polyphenol aglycones such as hesperetin (7), res vera- 
trol (41), and epigalloeaieelun gaiiate (EGCG) (42 h 

Mechanisms of interaction with Ru»x2 are complex.., including 
binding of components such as AP-I factors and Smad proteins 
to DNA regions In target gene promoters, Regarding Smad 
phosphorylation, Hp7G 1 seemed to increase the phosphorylation 
of the Smadl ,'5/8 complex after 48 h of exposure (Figure 6A), This 
result is consistent with those of several authors who have 
demonstrated the possible phosphorylation of the Smad 1/5/8 
complex in osteoblasts treated with some polyphenols such as 
myrleetin (30) and coumarin de.ti.va tea (31,43). litis suggests that 
the BMP pathway via the activation of Smad 1/5/8 may be 
implicated in Hp7G action even if BMP 2 and BMP4 gene 
expression was not increased (Tank 2). contrary to previous 
findings concerning some polyphenols $0,31,36,43, 44) includ- 
ing hesperetin (7), This could be due to the met that aglycones and 
not. conjugates were used. However, in tins study, the hesperetin 
metabolite decreased expression of Noggin, one of the osteoblast 
secreted proteins which can limit the level of BMP signals (45\ 
supporting the hypothesized interaction of hesperetin glucuro- 
nide with the BMP pathway. 

The effects of Hp7G on e~Jun and c-fos (components of 
complex AP~i) 3 and on ERK1/Z both implicated m the MAPK 
cascade, were assessed, hi our experimental design, the glucur- 
onide could only slightly decrease c-fos gene expression and was 
able to decrease the phosphorylation of ERK.3/2 after 24 h of 
exposure, while no effect after 48 h was reported (Figure 6B). On 
the contrary, it has been shown that some coumarin aglycones at 
IG/<M were able to stimulate the phosphorylation of ERK1/2 in 
primary rat osteoblasts after 12 h of exposure (31). However, the 
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Figure ?. Signaling pathways Iniplscated in ths regulation of osteoblast 
difersrstiaflGa, Asterisks C) ^ark the obtained off eel of besperet«>7* 
O-gSucuronids (Hp?G) on gene egression Involved In osteoblast dlfreroniia- 
lion, In our experimental corscsitsons (see Table 2 and Figure 5 tor details). 

phosphorylation of HRKI/2 in MC3T3-B1 osteoblast exposure 
to EGCG (IO-30/eM) for 60 mit\ remained unchanged compared 
to that ofxicntreated cells (46), Regarding our results, it is difficult 
to draw a clear conclusion about an interaction of Hp7G with 
MAPK signaling. It could be possible that agiycone forms can 
activate MAPK signaling including JNK, BRK1/2, and p~38 
MAPK because they activate some of the phase II drug-metabo- 
lizing enzymes which are responsible for their conjugation (47). In 
the ease of glueuronides, these enzymes are not necessary. This 
could explain why Hp?G failed to activate MAPK/ERK signal - 
ing. Thus, different signaling pathways may be activated com- 
pared to those in aglycones, 

A farther important outcome of this study is the -hiding that 
•he hespereli.n conjugate is able to decrease the gene expression of 
RANKL while at the same time not change OPG expression 
(Figure SB}.. These results suggest that Hp7G may be able to limit 
osteoclast activation, as previously shown tor daidzein and 
genwtdti (48). 

Coadusioas, Our data demonstrated that hesperetin glucuro- 
aide is able to affect osteoblast differentiation at nutritional and 
physiological doses. Indeed, Hp7G may act on osteoblasts tnamiy 
through Runx2 and Osterix activation by molecular mechanisms 
not: well identified (Figure 7), It is possible thai these transcription 
[actors could interact with the BMP cascade and/or MAPK 
signaling. However, further uiecharnslie studies arc necessary to 
confirm this hypothesis . 

ABBREVIATIONS OS£D 

ALP, alkaline phosphatase; AIM, activator protein 1; BMP, 
bone morphogenetio protein; ERK, extracellular signal-regulated 
kinase; Hp, hesperetin; Hp7G ; hesperetin-7~(9-gh:Curonide; 
JNK, e-Jnn N -terminal kinase; MAPK, mitogen -activated pro- 
tein kinase, OCN, osteocalcin, CFG, osteoprotegcim; OPN, 
osteopontin; RANKL, receptor activator of nuclear facto r- 
kappaB (RANK) Sigand. 
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